Today, half of the world's population lives in cities, which could reach 75% by 2050. Expanding urban areas will increasingly impact the already strained natural habitats, thus, economically and ecologically advantageous housing solutions are needed. This paper presents the research on a sustainable urban residential building concept that addresses this need. To ensure affordability, prefabrication and mass production were adopted, resulting in a unique, non-monotonous structural concept that is adaptable to different living unit sizes and layouts. A modular system was developed consisting of a basic living unit, which defines interior spaces, furniture, and structures. The modules can be placed next to each other to satisfy the needs of people for various living spaces. by carefully choosing a module size, enough combinations can be created, and individual solutions can be prefabricated. This system can also be produced in a large-scale that too in an eco-friendly way by utilizing novel building materials. Cross-laminated timber and timber-concrete composites were found to be the ideal choices for the walls and the slabs, respectively, as both are easily prefabricated, thereby decreasing the ecological footprint of the project. In addition, the building's vertical size is efficiently maximized to seven living levels, while still keeping it human-scale in an urban setting. This new modularity, as described, provides a sustainable answer to the challenge of expanding urban living.
INTrODuCTION
With the world's population increasingly living in cities, municipalities risk by rapidly outgrowing their boundaries and infrastructure thus, impacting the natural habitats and the affordability of urban living. Therefore, an eco-approach to sustainable urban living such as the one described in this paper is needed.
This study presents a solution that uniquely uses a composite construction material (ClTconcrete), suitable for advanced manufacturing (prefabrication) in conjunction with variable modular living units, to create a building that addresses the issues described above.
In the 1960s across Europe, in Central and South America, buildings constructed with Soviet technology allowed for a rapid urbanization process, and in many cases they have defined the image of the cities. For example, in germany, some intriguing examples are: Sachsendorf-madlow in Cottbusm or märkisches Viertel and hellersdorf in berlin. These show how refurbishment should be performed and reveal how one might build for/in the future. In terms of evaluating the quality of these structures, there are structural and financial aspects that define the fate of these buildings that sociologists, psychologists, and architects have been tackling for almost three decades. Incomplete solutions were often created, while full rehabilitation could rarely be seen. Subsequently, there have been several proposed solutions to creating variable living units, one example being the Diagoon house, Delft (1971) which was designed by hermann hetzberg with the concept to create the 'incomplete building' where residents formed their own spaces in accordance with their needs, as well as keeping the relationship between rooms open [1] . Nevertheless, the construction materials used in these prior attempts (usually reinforced-concrete, steel, or timber) impose limits on the architectural design that are avoided in the solution described herein.
CONCEPT
The eco-approach to modular urban living presented in this paper uniquely combines sustainable/composite structural members that allow for prefabrication/mass production, with variable modularity through the architectural design.
modular variations
In modern architecture, uniqueness has to be provided for the denizens of a residential building to match the diverse needs of different people [2] . In order to develop a variable living space design, it is highly important that its topological characteristics be easily changeable and therefore customizable. living spaces do not only serve to satisfy human needs, they also seek to bring comfort to its inhabitants by the increasing quality of living experiences. Therefore, the authors define the variable living units as the ones that can adapt to the changing needs of the users, by incorporating the choice of different living space layouts prior to taking possession, as well as the ability to reconfigure it over time [3] .
The key to modular architectural design is its ability to provide for a large number of variations. music could be an example for such modularity. With the eight basic musical notes and their combinations, it is possible to create simple melodies or the most complex music as well. In the case of music, eight notes (modules) are enough to create endless variants. how many basic modules are enough to create endless variety in architecture? In music, with the proper choice of module size, a great variety could be reached. The goal of the research is to find an affordable, quick to build, quality solution for future housing, while also bearing in mind the uniqueness frequently sought nowadays.
In construction, modularity can affect the functional and structural system of a building. The structural solution has an important effect on the spatial variety and the spatial modularity. Since the 19th century several structural module systems have been worked out. To get an adequate system of modular coordination, the International Standards Organization set the basic module at 10 cm, which, later, was adopted by the great majority of European countries. however, in current practice, architects use base module sizes of 120 cm leading to a series of 60, 120, 240, 360, 480, 600, 720 cm [4] .
Several classical solution examples could be found for modular buildings, in which modularity defines the structure. Plattenbau provides an example with a module size of 2.70 m/3.60 m transversely and 5.40 m in length. The structural constraints present in this type of modularity result in fragmented living spaces. In addition, the fixed transverse structural dimension limits the space variations [5] .
In contrast to the classical solution, there are fewer solution examples in which the modularity originates from the usage of space. In this research, the modules were derived from the usage of the interior spaces in order to achieve the right spatial variety. The modular elements have to solve the user's individual space needs, with optimal modular combinations. A 30 cm × 30 cm minimum module was selected for the modular grid of the building, see Fig. 1 . The basic elements that the concept defines are space dividing elements, and furniture. The system of modules created was introduced with the basic units for the minimum necessary amount of space derived from ergonomics of use. The 60 cm unit (shoulder width), widely used in the furniture industry, and the 90 cm unit in the circulation areas are the bases of the modular system. The 30 cm × 30 cm module size provides the adequate number of combinations within the network. According to the concept, furniture serves as space dividers and creates living spaces.
In line with the 30 cm × 30 cm grid system, a modular furniture collection (toolbar) was designed in accordance with the corresponding world standards, which can accommodate different configurations to fulfill the needs of the users. The toolbar element combinations, the spatial configurations, and the relationship with other toolbar elements provide the needed spatial topology. In order to use the modules in the most efficient way and get the most variety, a flexible construction method was needed.
Structural materials
The factors considered in selecting the materials of the modular structural system besides the sustainability, environmental impact, and affordability were the ability for prefabrication and mass production by advanced manufacturing. In this study, ClT-concrete composite floor slabs are uniquely used in conjunction with a variable living unit-based modular building. These composite floors combine the sustainability of the ClT with the strength, stiffness, and fire resistance of the concrete material. The use of ClT panels in buildings is seeing rapid growth [6, 7, 8] . The advanced manufacturing uses CAD generated data to drive CNC processes, which makes it an ideal choice for a prefabricated and modular building.
In a composite laminated timber-concrete (lTC) [9, 10, 11] slab the ClT layer is interconnected with a concrete layer on the top. A continuous and rigid inter-layer connection is achieved with the use of a high moisture-tolerant epoxy-based adhesive. The adhesive layer is applied on the ClT layer immediately before the fresh concrete is placed over the top. For the load-bearing walls, regular ClT panels are used.
Prefabrication and mass production
Prefabrication and modularization can be good alternatives in building construction in the future decades. There are several factors that should be taken into consideration when comparing prefabrication with the traditional on-site construction methods. The environmental benefits of prefabrication are considerable. The waste production of construction can be reduced by using industrialized techniques. begum et al. showed in their study that the amount of waste generated by weight was 1.47 tons/100 m 2 floor space for a fully prefabricated building, while it was 54.64 tons for a conventional type. The recycling percentage was also better for prefabrication [12] . Tam et al. in 2007 and li et al in 2014 [13, 14] found similar results. building time and labor needs can also be significantly reduced with off-site construction methods, according to boafo et al. (2016) [15] .
building costs of prefabricated construction, however, could be higher than that incurred by traditional methods. mao et al. (2016) showed in their study that the usage of prefabricated elements causes a significant increase in the total cost of a building [16] . however, this increase comes mainly from the manufacturing of the prefabricated elements, transportation, and design consultancy. The technology is relatively new and there is little experience in the market. In the coming decades, considering the environmental benefits, this fact could change, and, therefore, these costs could be reduced. It has to be mentioned that the higher costs can be compensated with time and labor savings as mentioned earlier as well as by the use of advanced manufacturing.
rESulTS
The concepts presented in this paper were applied to a residential building in an urban setting, see Fig. 2 .
A frame structural solution was adopted due to its fitness for modularity and for living space variability. This ensures that the residential area is free of load-bearing elements while the loads are supported by the façade pillars and the walls parallel to the circulation area.
The habitable zone appears as a rectangular space in the building, and its size is defined by the size of modules. by multiplying the 30 cm×30 cm basic modules, a basic living space unit is created, which consists of 18×12 basic modules, namely 5.40 m × 3.60 m. The actual residential living units were created by multiplying the living space units, which are based on the number of residents and living conditions, and are as follows, see Fig. 1 .: single resident two units (~38 m 2 ), couples and families with children three units (~58 m 2 ), families with several children four units (~78 m 2 ) should be ideal and would still produce a comfortable living space.
The length of the residential zone was maximized by placing eight living space units in the longitudinal direction, which means approximately 30 m along the length of the building. It forms a human-scale building block in the urban environment, which can provide for the needed number of variations. living units can be placed in six different ways on one floor, not including the mirrored versions, see Fig. 3 . The vertical size of the building was defined as seven floors for similar reasons. A horizontal area and a vertical circulation area, as well as community spaces, are connected to the residential zone.
The 5.40 m span forms the depth of the tract, which is also suitable as far as natural light is concerned. The consideration of natural light when creating living spaces is of crucial importance, from both a mental health perspective as well as an energy-conscious decision [17] .
Plumbing zones and other restricting factors are problematic in establishing the freedom of the floorplan and transparency. In order to place the appliances in a rational way, plumbing zones were formed within the living units and were connected to the main pipeline in the direction of the corridors. The horizontal pipelines join the vertical riser connecting the plumbing zones above, which also provides space for the appliances belonging to each living unit, as shown in Fig. 4 .
When the concept is applied to a residential building with seven floors, the living zone is the central unit as shown in Fig. 5 . This unit is completed by a public/commercial function on the ground level, and the zones are connected with a vertical and a horizontal walkway system. The combination of the zones can be adapted to various urban environments, see Fig. 5 .
The steel structure of the façade contains balcony units to complete the comfortable residential areas and to enhance the natural connection of the living units. Due to the free floor layout and natural illumination, a pillar structural solution made of steel complements the concept here. The steel structure of the façade is connected to the longitudinal main wall (5.40 m span) with steel beams. These steel beams, placed 3.60 m on-center, support the lTC slab above which the utilities can be found underneath a raised floor, without penetrating the structure of the slab, as shown in Fig. 6 .
CONCluSIONS
This paper presents an eco-approach to the use of modularity and sustainable modern structural materials to create variable living units. Every action affects the future, and this is not only important in terms of selecting the proper building materials, but it is also important in terms of creating sustainable living spaces.
The adoption of a 30 cm × 30 cm space-driven basic module size allows for a large number of modular variations. Thus, the living units and the structural system provide for adaptability and suitability for changing needs and environments over time. As a result, during its lifecycle, the building will be able to serve residential needs for several generations.
The modularity provided by the adopted living space unit size of 3.6 m × 5.4 m allows for prefabrication, and in conjunction with the use of ClT in walls and slabs, allows for mass production by means of advanced manufacturing. The ClT-concrete composite slabs ensure higher strength and stiffness [9] as well as greater fire resistance than the ClT slabs and a lighter structure when compared to reinforced concrete slabs.
In addition to the use of sustainable ClT and ClT-concrete composite materials which decrease the ecological footprint of the structure, the energy performance analysis results [11] indicate the adequacy of such buildings for geothermal or hot water heating systems.
